A comparison of paraprotein estimation by scanning densitometry with corresponding immunoglobulin concentration measured by rate immunonephelometry, fixed-time immunonephelometry and kinetic immunoturbidimetry using a large number of sera has indicated overestimation of the immunoglobulin by liquid phase immunoassays in the presence of a monoclonal component. The effect was seen with all three major immunoglobulin isotypes but was most marked with IgM paraproteins when measured by kinetic nephelometry. The overestimations could not be explained by presence of rheumatoid factors or immune complexes in the serum samples, or by non-parallelism, over a range of dilutions, of the reaction of sample and calibrant with the antiserum. The source and species of antiserum used was a major contributory factor.
SUMMARY.
A comparison of paraprotein estimation by scanning densitometry with corresponding immunoglobulin concentration measured by rate immunonephelometry, fixed-time immunonephelometry and kinetic immunoturbidimetry using a large number of sera has indicated overestimation of the immunoglobulin by liquid phase immunoassays in the presence of a monoclonal component. The effect was seen with all three major immunoglobulin isotypes but was most marked with IgM paraproteins when measured by kinetic nephelometry. The overestimations could not be explained by presence of rheumatoid factors or immune complexes in the serum samples, or by non-parallelism, over a range of dilutions, of the reaction of sample and calibrant with the antiserum. The source and species of antiserum used was a major contributory factor.
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In myeloma, Waldenstrom's macroglobulinaemia, plasmacytoma and a-heavy chain disease the serum concentration of a paraprotein is related to the tumour mass and may be used to monitor these conditions,' necessitating reliable and precise methods for paraprotein quantification. Densitometry involving scanning of stained cellulose acetate membranes or agarose gel strips following electrophoresis is an accepted method of paraprotein estimatiom2 Specific immunochemical methods quantify total immunoglobulin of a particular class and have been reported to be useful for monitoring trends in concentration.' Immunoturbidimetric and nephelometric techniques have been considered the most suitable for paraprotein quantification,2 however, several recent reports have indicated that paraprotein concentrations may be seriously overestimated when inferred from corresponding immunoglobulin concentrations measured by these t e c h n i q~e s .~-~ Correspondence: Dr P G Riches, Department of Immunology, Westminster Hospital, Page Street Wing, London SWlP ZAP, UK.
The present paper reports the results of the comparative study of paraprotein estimation by scanning densitometry and corresponding immunoglobulin concentration measured by kinetic nephelometry in a large number of samples. A smaller group of samples, selected on marked overestimation by kinetic nephelometry , were used to investigate comparative immunoglobulin concentrations quantified by fixed time nephelometry and kinetic turbidimetry, together with effects of different sources of antibody and possible sources of interference. As the study spanned several years it has also been possible in some patients, where repeated samples have been received, to re-evaluate the monitoring of paraprotein concentration by scanning densitometry and nephelometry.
MATERIALS AND METHODS
A total of 451 samples showing either an IgG (260), IgA (71) or IgM (120) paraprotein identified by cellulose acetate membrane (CAM) electrophoresis were selected from samples sent for routine paraprotein investigation to a Protein Reference Unit (Westminster Hospital). Goat antibodies (antibody 1) to human immunoglobulins were obtained from CAPU, and (antibody 2) from Beckman, sheep antibody to human IgG from Guildhay (Guildford, UK) and rabbit antibody to human IgM from DAKO (High Wycombe, UK). The antibodies used with each analyser are shown in Table 1 .
Radical immunodiffusion was done by the standard technique using goat antibodies (CAPU) and SPS-01 as calibrant.
Rheumatoid factor was detected by latex agglutination (Mercia Diagnostics, Guildford, UK). Immune complexes were investigated by polyethylene glycol precipitation (PEG)* or by Goat Goat Sheep, rabbit ND 300 s 360 s 30 s 10 s platelet a g g r e g a t i~n .~ Serum samples for immune complex investigations were stored at -20°C as soon as possible after collection and thawed once only before assay.
RESULTS

Comparison of scanning densitometry and kinetic immunoturbidimetry
The paraprotein concentration estimated by scanning densitometry in 451 serum samples was compared with the corresponding immunoglobulin concentration measured by kinetic nephelometry using the Beckman ICS for the first 206 samples and the Array for the remaining 245 samples and using CAPU antibody throughout. The findings for the ICS and Array were very similar, therefore the mean paraprotein and immunoglobulin concentration for all samples is given in Table 2 , together with the correlation data for values determined by densitometry and immunochemically. There was significant correlation for all three isotypes but with higher values for the immunochemical determinations compared with densitometry (indicated by the slope of the lines being greater than 1.0). The higher immunochemical values were statistically significant for all three immunoglobulin classes.
The immunochemical estimation of immunoglobulin would include both the paraprotein and the non-paraprotein contribution and could be expected to overestimate paraprotein concentration, particularly when the paraprotein is at a low concentration and superimposed on a polyclonal background. We derived a ratio of the paraprotein concentration estimated by densitometry to the corresponding immunoglobulin measured by nephelometry and analysed the data according to this ratio, the Fig. l shows the percentage of samples at ratios of < 1.0 to > 2 . 5 at 0.25 intervals and Table 3 the mean paraprotein concentration at each ratio level. As can be appreciated from the figure a far higher proportion of samples with IgM paraproteins had high ratios than did IgG or IgA; 50% of IgM samples had a ratio greater than (Table 3) . Although for IgG it would appear that the contribution of polyclonal immunoglobulin could be a contributing factor to the higher values found by nephelometry there were some samples giving high ratios where a high concentration of paraprotein was present with marked immunosuppression apparent on electrophoresis. These samples together with a group of similar IgM paraproteins where selected for further study in an attempt to explain the nature of immunoglobulin overestimation by nephelometry in the presence of a paraprotein.
Comparison of kinetic and fixed-time immunonephelometry and kinetic immunoturbidimetry
Paraprotein concentration was estimated by scanning densitometry and the corresponding immunoglobulin measured by kinetic nephelometry (Array), fixed time nephelometry (Behring) or kinetic immunoturbidimetry (Cobas) using CAPU antibodies in 14 samples with an IgG paraprotein and five samples with IgM paraprotein, the mean IgG concentrations were 29.8g/L, 47-1 g/L, 33-0g/L and 32-0g/L, respectively, and the mean IgM concentrations were 22-6g/L, 38.8 g/L 31.5 g/L and 34-9g/L, respectively. The values in all the immunochemical systems were higher than those obtained densitometrically but did not reach statistical significance (P<O-O5) for IgG on the Behring and Cobas. 
Influence of antibody source and species
The possible influence on analytical results of the source or species of reagent antibody was investigated. Paraprotein concentration was estimated by scanning densitometry and the corresponding immunoglobulin measured in nine samples with an IgC paraprotein and five samples 
Mean paraprotein concentration estimated by densitometry (g/L) together with minimum (min) and maximum (max) concentration in each group compared with the ratio of immunoglobulin concentration estimated immunochemically (neph) to value estimated by densitometry (scan)
Ratio neph (g/L)/scan (g/L) Paraprotein class <1.00 1.00-1-25 1-25-1.50 1-50-1.75 1-75-2-00 2.00-2.25 2.25-2'50 >2.50 with an IgM paraprotein by kinetic nephelometry (Array) using two sources of goat antibody (CAPU, Beckman) and results are shown in Table 4 . Similarly 14 IgG paraprotein samples were investigated by kinetic immunoturbidimetry (Cobas) using goat antibody (CAPU) or sheep antibodies (Guildhay) and five IgM paraprotein samples using goat antibodies (CAPU) or rabbit antibodies (DAKO) and results are also shown in Table 4 . Both sources of goat antibody gave statistically significant higher results on the Array for IgG paraproteins, similarly both antibodies to IgM gave significantly higher values from the results by densitometry but in addition the two antibodies were also significantly different from each other. The goat and rabbit antibodies to IgM used with the Cobas also gave values significantly different from each other and interestingly the 
Mean concentration of IgG and IgMparaprotein measured by two methods with different antibodies; antibody I (Sheffield), antibody 2 on Array (Beckman) and on Cobas (Guildhay) f o r IgG and (DAKO) for IgM. The animal species of the antibody and the number of samvles assayed is shown in brackets
Method
IgG ( results with the rabbit antibody showed no difference from those obtained by scanning, although the goat antibody still gave significantly higher values than those by densitometry.
Parallelism of dose-response curves
The possibility that immunoglobulin overestimation was due to non-parallel dose-response curves of polyclonal standard and monoclonal sample was investigated. Twenty samples containing IgM paraproteins were analysed at the standard dilution and a further 112 v/v pre-dilution on the Behring analyser and 1/1-5 v/v on the Cobas, both systems used the CAPU antibody. The mean value at the higher dilution was 24.8 g/L (SD 9.1) and at the lower 25.2g/L (SD 9.8) and there was no significant difference between paired samples by 1-testing ( P = 0.66). Five samples were also examined on the Array using CAPU antibody, dilutions were made to give SO%, 6O%, 40%, 20% and 10% concentrations of each serum. The mean scan value for these five sera was 32*8g/L (range 10-55g/L) and the mean IgM concentration measured immunochemically was 68-44 g/L (range 49-98-8 g/L). All diluted samples gave slightly lower measured concentrations than those calculated from the value obtained on the undiluted sample, the mean difference, however, was only -1.71 g/L (SD 1.82) which could not account in any sample for the overestimation of the immunochemical determination compared with scanning. 
Influence of rheumatoid factor
Twenty-eight sera, selected for gross overestimation of IgM, were tested for the presence of rheumatoid factor, one sample showed a positive result and a second sample a weak positive at a 1/20 dilution which was undetectable at higher dilutions. A further 16 sera, where there was reasonable agreement of IgM paraprotein and immunoglobulin concentration, were also tested for rheumatoid factor and four samples gave a positive result.
Influence of immune complexes
It is possible that immunoglobulin overestimation in the presence of a paraprotein could be due to the presence of immune complexes in the sample of which rheumatoid factor would represent only one type, therefore 13 sera with an IgM paraprotein were investigated for the presence of immune complexes by the platelet aggregation method. Immune complexes were undetectable in six of the samples while the remaining seven samples gave weak positives only (maximum titre of 1/80). The ratio, derived as described above, of immunoglobulin concentration by nephelometry compared with the paraprotein by densitometry showed no significant correlation to the titre in the positive samples ( R = 0-024, P=0-938). In addition IgG and IgM concentrations were measured by RID and by nephelometry in seven samples, without any visible paraprotein, but with positive IgG or IgM immune complexes assayed by PEG precipitation. There was no significant difference between the mean IgG concentration found by RID or nephelometry, mean value 12.9 g/L (SD 2-6) and 13.3 g/L (SD 2 -Q respectively, or for the IgM values, mean 2.4 g/L (SD 1.3) and 2.8 g/L (SD 1.6), respectively.
Influence of polyethylene glycol (PEG) immune enhancement
The reagent system used for immunoglobulin determinations in the Array includes PEG as an immune enhancer; any non-specific precipitation by the PEG should be taken into account during sample blanking, however, to exclude the possibility that non-specific precipitation was occurring during the rate reading phase of testing, a small group of samples were pre-precipitated with PEG.
Six samples with a mean paraprotein concentration of 1 9 -7 g / L (range 7-54g/L) and IgM concentration measured immunochemically of 65.3 g/L (range 19.6-144g/L) were diluted 1/6 with 6% (w/v) PEG in isotonic saline and incubated for 15min or 24 h at room temperature, then centrifuged at 3000 rpm for 15 min and IgM measured in the Array. A second serum aliquot was diluted in saline without added PEG. There was no significant difference in measured IgM in the PEG pretreated samples compared with saline diluted samples at either time and all paired sample values agreed within 10%.
Monitoring of paraproteinaemia
Over the period of this study, for some patients, repeated follow-up samples were received and in 10 such patients five or more specimens were received over a 2 year or longer period enabling an analysis to be made of the temporal variations in scanning and immunoglobulin measurement by kinetic nephelometry. On separately analysing samples from different patients ( Table 5 ) it appeared that the values by the two methods were well correlated in some patients but not in others. Lack of significant correlation was not necessarily associated with overestimation of immunoglobulin in that in patient 3 there was reasonable agreement between paraprotein and immunoglobulin concentration and in other p a t i e n t~~n '~ there was significant correlation between methods despite overestimation of corresponding immunoglobulin.
DISCUSSION
Significant correlations between paraprotein estimation by scanning densitometry and immunochemical quantification of immunoglobulin h;.s been a general finding in several other ~t u d i e s ,~.~.~ as has been the tendency for the immunochemical methods to give higher results than scanning densitometry. In a comparison of radial immunodiffusion (RID) and densitometry Smith and Thompson3 reported comparable results for IgG but higher values by RID for IgA and IgM but did not comment on the statistical significance of this finding. In a more recent study comparing immunoturbidimetry with densitometryb the higher immunochemical values were statistically significant for IgG, IgA and IgM. In the third study5 comparing kinetic nephelometry with densitometry, only IgM was reported as showing significantly higher results by nephelometry and although no data were provided concerning the characteristics of the regression equation it would appear from the figures presented that higher values were obtained by nephelometry and indeed the authors comment on this being so at high paraprotein concentrations. The consensus opinion is thus that when immunoglobulin concentration measured by immunochemical methods is used to represent paraprotein level there is an overestimation, particularly of IgM. In that immunochemical methods will measure both paraprotein and non-paraprotein immunoglobulin, whereas scanning densitometry selectively estimates the monoclonal spike, higher concentrations might be expected. In the present study sera could be identified where the immunoglobulin measured could not be accounted for by the paraprotein together with the polyclonal background and therefore represented over-
